peripheral urokinase plasminogen activator receptor is elevated in asthma, and identifies a severe, nonatopic subset of patients. 
levels identified in asthma patient induced sputum (9) and bronchial epithelium (8) . uPAR is a serine protease receptor and is involved in the generation of plasmin with subsequent proteolytic effects on a range of substrates; however, uPAR also has plasmin-independent functions, for example migration and proliferation, by interacting with a wide range of proteins (10) . A soluble-cleaved form of the receptor (scuPAR), arising from lipolytic cleavage of the GPI anchor by factors including phospholipase D (11) , also exists. scuPAR is structurally identical to the membrane-bound receptor but is able to interact with a number of cell factors, for example integrins and G protein-coupled receptors. scuPAR is thought to have functions beyond acting as a decoy receptor for the main uPAR ligands, for example uPA (12) .
In a population of adult individuals, we demonstrated that higher circulating (serum) scuPAR levels were associated with asthma prevalence in 514 affected individuals when compared to 104 controls (13) , suggesting a relationship between asthma and the circulating receptor. This is supported by our earlier family-based genetic association study, determining that PLAUR is an asthma susceptibility gene, where polymorphisms were associated with asthma, lung function, lung function decline and bronchial hyperresponsiveness in patients with asthma (7) . These same PLAUR polymorphisms were also found to be associated with higher scuPAR levels circulating in serum in children with asthma. This suggests a link between circulating scuPAR expression and degree of asthmatic lung function, providing insight into the possible process by which scuPAR is associated with asthma.
Asthma is classified as a disease with an allergic component, with allergic asthma being a recognized endotype of the disease (14) . Asthma can be defined as either atopic with triggering mechanisms involving allergens originating from, for example pollen, or nonatopic, which is not directly triggered by any known allergen, but potentially through the activation of innate receptors such as those for interleukin-33 (IL-33) and the granulocyte macrophage colony-stimulating factor (GM-CSF) (15, 16) . Nonatopic asthma also generally manifests later in life and is often more severe than atopic asthma (17) . Several approaches have been used to identify asthma endotypes including cluster analyses that confirm distinct atopic and nonatopic clusters (18) (19) (20) .
In this study, we investigated uPAR expression profiles in lung biopsies and peripheral (serum) compartments of asthma subjects. We set out to confirm and extend previous observations carried out in a bronchial epithelial cell model (8) and serum in asthma (13) , utilizing several cohorts for serum analyses and ex vivo bronchial biopsies. We aimed to build upon previous observations made in cell-culture models and at the genetic level by identifying whether expression in bronchial biopsies and serum are related to asthma clinical phenotypes such as lung function and allergy (atopy). We provide in-depth analysis of uPAR expression in various airway structural cells and in serum, further defining the relationship between uPAR expression and clinical features of asthma.
Materials and methods

Cohort characteristics
UK biopsy cohort Asthmatic subjects with a history and objective evidence of asthma (21) , and nonasthmatic controls were recruited from Leicester, UK. Asthma severity was defined by Global Initiative for Asthma criteria (21) . Subjects underwent extensive clinical characterization including allergen skin prick tests, spirometry, methacholine bronchial challenge (PC20), sputum induction and video-assisted fiber optic bronchoscopic examination (Table S1 ). The study was approved by the Leicestershire Ethics Committees, and all patients gave their written informed consent.
Cohorts for serum analyses Dutch cohort. Asthma (n = 514) and spouse control (n = 96) subjects were ascertained through an asthmatic proband and characterized using a standardized study protocol as described (13, 22) . Ethical approval was obtained from the University Medical Center, Groningen Medical Ethics Committee (MEC 96/04/077 and MEC 90/09/178). Subject-based atopy was determined using the Phadiatop TM test (Phadia AB, Uppsala, Sweden), a commercially available variant of serum-specific IgE assay (23) . Demographics of the Dutch cohort are shown in Table S2 .
UK cohort. A cohort of 168 Caucasian individuals were recruited from the Southampton area based on an asthmatic proband (n = 129) or no history of asthma or allergic disease for the controls (n = 39) (24, 25) . All individuals were between the ages of 17 and 75. Asthma severity was classified by the BTS/SIGN guidelines (26) . Demographics of the UK cohort are shown in Table S3 .
Immunohistochemistry (IHC) in lung biopsies from patients with asthma
Sections from control and asthmatic glycomethacrylateembedded bronchial biopsies were stained using an antiuPAR antibody (sc-32764; Santa Cruz Biotechnology Santa Cruz, California, United States) or an anti-mouse IgG isotype control (M7894; Sigma Gillingham, Dorset, United Kingdom). A semi-quantitative score defined epithelial expression intensity (0 = none, 1 = low, 2 = moderate, 3 = high); mean of two sections per donor, scored by a blinded observer.
Analysis of soluble protein levels scuPAR human serum levels were determined using a Duoset Ò ELISA (R&D systems, Abingdon, Oxfordshire, UK).
All samples were diluted 1 : 8 in 1% bovine serum albumin in phosphate-buffered saline. , weight (in kilograms at time of sampling) and smoking pack/ year value were shown to have a statistically significant effect on scuPAR levels and were included in the final regression model as has been described previously (13) . As there was a priori evidence of a relationship between the levels of scuPAR in serum and asthma diagnosis, we considered P < 0.05 significant for these analyses. In the correlation analyses, the outcome variables are not independent (e.g. FEV 1 and FEV 1 / FVC), and therefore, we did not apply correction for multiple testing based on the number of tests, for example Bonferroni correction, as this would be over conservative. To provide confidence in the findings and to mitigate Type I and Type II error, we sought independent replication of findings in multiple cohorts. We therefore report P-values of <0.00005-0.05.
Results
uPAR is elevated in multiple airway cell types in patients with asthma
Immunohistochemical analyses of bronchial biopsies from patients with asthma (n = 27) and nonasthmatic controls (n = 9) identified uPAR expression localized to inflammatory cells present in the lamina propria, within the cytoplasm of the epithelium and in smooth muscle cells (Fig. 1i ). Expression data were grouped into a semi-quantitative score of 0 = none, 1 = low, 2 = moderate or 3 = high, as previously outlined (8) . Utilizing this scoring system, we identified that uPAR expression was elevated in layers of the airway wall including the lamina propria and smooth muscle banding in asthmatic subjects, when compared to corresponding controls [smooth muscle cells: median 0.5 vs 0.0; 95% CI: 0.0-1.0 vs 0.0-0.0; P = 0.0352; uPAR + cells in lamina propria: median 5.536 vs 0.000; 95% CI: 3.73-10.64 vs 0.0-4.15; P = 0.0019 (Fig. 1ii) . As previously reported, uPAR levels in the asthma epithelium were also elevated (8)]. Analyses identified clear correlations between the populations of cells staining positive for uPAR, that is if uPAR was elevated in one cell type, it was accompanied by increased staining across the tissue in the other cell types (correlation coefficient 0.2; P < 0.05) ( Table 1 ). However, no significant association was identified between total uPAR levels and other clinical features of asthma including lung function and atopic status ( Table 1) .
Elevation of serum-soluble-cleaved uPAR is a feature of asthma
To replicate our previous observation showing elevation of serum scuPAR in asthma subjects when compared to nondiseased controls (13), we utilized asthma (n = 129) and control subject (n = 39) sera from an independent UK cohort not previously used in our studies. These analyses confirmed elevation of serum scuPAR in asthmatic individuals (median scuPAR = 3056 pg/ml; 95% CI: 2706-3377) when compared to unrelated nonrespiratory disease controls (median scuPAR = 1987 pg/ml; 95% CI: 1442-2836; P = 0.0002) ( Fig. 2A ). Stratification in this cohort, based on severity as defined by the BTS/SIGN guidelines, identified that elevated serum scuPAR in asthma were primarily driven by the severe asthma subjects (BTS/SIGN ≥ 3) (Fig. 2B) . Here, serum scu-PAR was elevated in severe asthma (n = 93; median scuPAR = 3271 pg/ml; 95% CI: 2841-3568) when compared to moderate asthma (n = 36; median scuPAR = 2233 pg/ml; 95% CI: 1724-2838; P < 0.01) and controls with no history of asthma or allergic disease (n = 39; median scuPAR = 1987 pg/ ml; 95% CI: 1442-2836; P < 0.0001) (Fig. 2B ). No statistically significant difference was noted between controls and moderate asthma subjects (Fig. 2B ).
Elevation of serum scuPAR levels is driven by a nonatopic phenotype
To investigate whether lung uPAR expression and/or circulating serum scuPAR are associated with allergic asthma, we carried out a logistic regression in the lung biopsy data set, the Dutch serum cohort that originally identified elevated scuPAR in asthma (13) and the UK serum data set based on atopic status. While no association could be identified for lung uPAR levels and atopic status (Table 1) , serum scuPAR was elevated in nonatopic asthma (n = 188; median scuPAR = 4219 pg/ml; 95% CI: 3913-4525) when compared to the atopic asthma population using all subjects from the UK and Dutch cohorts (n = 382; median scuPAR = 3600 pg/ ml; 95% CI: 3380-3818; P < 0.0001). Importantly, differential expression based on atopic status was observed independently in both cohorts (Fig. 3) . Serum scuPAR levels are correlated to atopy and airway obstruction
To evaluate the correlation between scuPAR circulating levels and clinical measures in asthma, we carried out Spearman's correlation and logistic regression analyses on the UK and Dutch cohorts and the combined data set as appropriate (Table 2) . We identified that circulating scuPAR levels were associated with atopic status in individual and combined cohorts using this approach (combined: OR = 1.0002; P = 0.000068) (Table 2C ). In both UK and Dutch cohorts, serum levels were also positively correlated with FEV 1 /FVC ratio (combined cohort: r 2 = 0.008; P = 0.035) (Table 2C ).
Other correlations with age (Dutch: r 2 = 0.015; P = 0.002) (Table 2A) , smoking pack/years (UK: r 2 = 0.054; P = 0.009) and percentage predicted FEV 1 (UK: r 2 = 0.048; P = 0.013) (Table 2B) as well as association with steroid use (Yes/No) (Dutch: OR = 1.0002; P = 0.009) (Table 2A) were identified but did not replicate between cohorts.
Quartile analysis confirms that serum scuPAR levels are associated with atopic status
To identify whether a subpopulation drives clinical phenotype associations for serum scuPAR, we carried out a quartile analysis based on uPAR serum levels within our cohorts, separately and combined. In the Dutch data set, we identified an association with bronchodilator response measured using percentage change in FEV 1 (pre/post-BD) (mean uPAR quartile values; 19.30% > 18.99% > 16.70% > 14.80% (% change in FEV 1 ); P = 0.011). There was also an increase in the pre-(0.65 < 0.68 < 0.69 < 0.70; P = 0.005) and When stratified according to asthma severity as defined by the guidelines set out by BTS, we identify that serum scuPAR is elevated in severe asthmatics when compared to both moderate asthmatics and nonrespiratory diseased controls .**p<0.01; ***p<0.001. (Table 3) . A significant negative correlation between atopic status and the scuPAR quartiles was also observed independently and in the combined cohorts (combined nonatopic (%) across quartiles: 17.5 > 25.3 >36.0 > 38.1; P < 0.0001, Table 3 ). 
Discussion
Accumulating evidence associates uPAR expression and function with obstructive lung disease and airway structural changes (5, 6, 8, 9, 27) . In this study, we aimed to (i) determine the uPAR cellular expression profile in asthma and control subject lungs, (ii) further define the association between scuPAR levels and asthma diagnosis and (iii) investigate correlation between uPAR levels in the airways/circulation and asthma clinical features. We identified lung tissue uPAR expression in bronchial epithelial cells, airway smooth muscle cells and inflammatory cells in the lamina propria and demonstrate coordinated expression across these locations. Serum scuPAR was reproducibly elevated in multiple asthma cohorts. Importantly, we provide the first evidence that serum scuPAR is elevated in a more severe and in nonatopic subphenotypes of asthma. These data therefore not only confirm the relationship between the circulating uPAR and asthma, but provide novel data identifying a relationship between asthma and expression in multiple airway cell types. Critically, we highlight the potential importance of circulating scuPAR, suggesting that this molecule acts independently to the membrane-bound form and identified a new asthma phenotype 'scuPAR high' that is severe and nonatopic. PLAUR is a known asthma susceptibility gene, with intragene polymorphisms linked to asthma diagnosis, baseline lung function and lung function decline and serum scu-PAR levels (7) . At the protein level, elevated uPAR has been identified in post-mortem status asthmaticus lungs (27) , in the asthmatic bronchial epithelium and serum (8, 13 ). In the current study, we extend our published findings by localizing uPAR expression in bronchial tissue and identifying elevated expression in multiple structural cells in patients with asthma. Association and correlation analyses confirmed coordinated uPAR expression in lung structural and inflammatory cells. This suggests a complex relationship between different bronchial structural cells and uPAR expression, where it has been suggested that uPAR is involved in a number of airway remodelling linked processes, for example wound repair and epithelial proliferation (8, 13) . These data suggest that there may be potential genetic predisposition in carriers of specific PLAUR genotypes, to produce elevated levels of uPAR in multiple cell types and organs; an issue we were unable to address due to lack of patient numbers and matched biopsies/serum and genetic information. In support of this concept, a recent expression quantitative trait loci study of peripheral blood cells identified that several of the asthma-associated PLAUR single nucleotide polymorphisms (SNPs) originally identified (7) were also determinants of uPAR mRNA levels in blood cells (28) .
Based on studies identifying association between serum scuPAR levels and asthma diagnosis (13) and on genetic studies linking serum scuPAR to lung function SNPs (7), we next set out to identify whether scuPAR levels were related to asthma clinical phenotypes. In the biopsy study, we did not identify a significant association between uPAR immunohistochemical staining and any of the clinical features of asthma tested including lung function and atopy. Interestingly, a COPD study observed a significant association between small airway epithelial uPAR levels using immunohistochemistry and forced expiratory flow 25-75% (FEF ), suggesting the anatomical location and/or the specific spirometry measure may be key (5) . Similarly, our lack of association may be driven by the number of patients in our analyses and the lack of resolution of IHC to distinguish uPAR isoforms such as scuPAR which is clearly of significance in the circulation.
In the serum analyses, we confirmed previous observations that serum scuPAR is elevated in asthma. This study has now replicated that scuPAR is also associated with the asthma phenotype and therefore may also have a defining and modulatory role in asthma. Although serum scuPAR is elevated in asthma, the large degree of intersubject variability suggests that uPAR would not be useful as a marker of asthma per se. This expression distribution is likely due to asthma heterogeneity, that is uPAR is not an important determinant in all types of asthma. Therefore, we set out to determine whether serum scuPAR is elevated, and by inference involved in, a specific subset of patients with asthma. Asthma is a heterogeneous obstructive lung disease (1) comprised of different disease subsets (20) which have markedly different presenting symptoms and degrees of severity, some of which may have greater association with circulating scu-PAR. Therefore, we hypothesized that there may be a 'uPAR driven' subset of patients with asthma. Indeed, circulating scuPAR elevations in the UK cohort appear to be driven by the severe disease (BTS/SIGN ≥ 3), with no elevation identified in mild-moderate asthma. Severe asthma defined using BTS/SIGN is based on asthma symptoms, and the patients have frequent severe and serious exacerbations despite taking multiple asthma medications, that is asthma control (29) . We propose that the asthma phenotype identified by elevated serum scuPAR is managed to a lesser degree by current medication (BTS severe) and therefore may identify a subset of asthma where there is a therapeutic need. One potential confounder of our analyses is steroid use, with greater use of steroids being a characteristic of the severe asthma group. However, we formally tested this and show that inclusion of steroid use in the regression models did not influence this association between elevated serum scuPAR and severe asthma (data not shown). It is important to emphasize that steroid use as a dichotomous trait was included in the regression model due to the lack of data available for actual doses of corticosteroids the patients were taking. This means that while our data suggest that steroid use does not confound our statistical models and our interpretation of these data we cannot completely exclude an effect of corticosteroid use on uPAR expression.
Although disease severity may partially explain the wide distribution of serum scuPAR levels in our cohorts, the presence of a large heterogeneity of data even when separated according to asthma severity suggests that uPAR levels may be also affected by other defining features of asthma. To investigate this, we analysed the effect of atopic status on circulating scu-PAR levels in the Dutch and UK cohorts, identifying that serum scuPAR levels were elevated in nonatopic vs atopic asthma. As we report potential association with steroid use, significant in the Dutch cohort (Table 2A) , we confirmed that no confounding of these findings by steroid use was present by running the regression model with and without this dichotomous (Yes/No) covariant. Again steroid use did not influence the statistical models used, and the association between elevated serum scuPAR in nonatopic asthma was retained (data not shown). It is important to note that the relationship between steroid use and serum uPAR levels in the Dutch cohort is inconsistent and was not observed in the UK cohort meaning that it is likely that this is related to the elevated steroid use in nonatopic patients. Analysis of uPAR expression in bronchial biopsies did not identify association with atopic status, suggesting the relationship is driven by scuPAR which in the biopsy study could not be distinguished from membrane forms. Similarly, these data may suggest that inflammatory cells (as in the blood) are one of the main sources of scuPAR in asthma. The relationship between, for example sputum scu-PAR and these parameters would begin to address these differences; however, matched biopsies and serum samples were not available.
Nonatopic asthma is generally an adult onset disease, often with a more severe clinical course (30, 31) . Analyses of the cohorts used in this study stratified into atopic and nonatopic asthma provide some supporting evidence for this, for example reduced FEV 1 in nonatopic asthma (Tables S2 and S3 ). The association of serum scuPAR to a more severe phenotype of asthma in the current study, and genetic associations between PLAUR SNPs and lung function in patients with asthma (FEV 1 ) (7) and smokers (FEV 1 and FEV 1 /FVC) (32), led us to determine association between uPAR levels and lung function parameters. We confirmed serum scuPAR is negatively associated with atopic status and positively correlated with FEV 1 /FVC in individual UK and Dutch cohorts and in the combined analyses, suggesting that the serum component may be a systemic marker of ongoing changes in the airway. These data suggest scuPAR as a potential marker of airway obstruction; however, the positive correlation is potentially counterintuitive, that is elevated uPAR is associated with more severe asthma but a higher FEV 1 /FVC ratio suggesting it is protective for this marker of airway obstruction. Further examination of the severe asthma subjects in the UK cohort who demonstrated elevated serum scuPAR levels shows that these individuals have a reduced FVC compared to moderate asthma subjects (Table S3 ). However, FVC was not associated with serum scuPAR levels in this cohort (data not shown) suggesting the association with FEV 1 /FVC is not driven by FVC. Also, FEV 1 /FVC associations were not as reproducible as the atopy correlation, for example in the quartile analyses, the association between FEV 1 /FVC and uPAR serum levels was not present in the UK cohort questioning this finding.
While we have focussed on the role of uPAR in asthma, it is important to note that this receptor may be of relevance in a range of human disorders, for example focal segmental glomerulosclerosis (FSGS) where scuPAR is elevated in disease (33, 34) . Importantly, the study suggests that scuPAR was an FSGS causative factor via integrin interactions, including b [3] integrin. Although the veracity of this interaction is currently under discussion (35) , there remains evidence of scuPAR as a direct modulator of disease. Two studies have identified that scuPAR has functional properties beyond acting as a decoy for uPA binding including mediating uPAR signalling as both an agonist and antagonist depending on the cellular context and promoting migration (12, 36) . This may be of relevance to asthma and further investigations of the role of scuPAR and integrins in asthma are warranted.
This study has several major strengths, including the extensive analyses of both lung and systemic uPAR levels in large numbers of asthma and control subjects, to identify differential expression and the relationship of expression to clinical features of asthma. The limitations of the study include; that we did not have matched sputum, biopsy and serum samples for subjects which would have enhanced the study, as all measures were not available in all cohorts and that we could not (technically) distinguish uPAR isoforms in the airways. Similarly, limited information on the commercial ELISA used means that we cannot conclude whether both uPA bound and/or free scuPAR were measured in serum. While the subjects in our study were recruited and clinically characterized in respiratory centres, it is important to highlight that we did not collect extensive nonrespiratory comorbidity data for subjects. Therefore, although unlikely, we cannot exclude that undiagnosed comorbidities where uPAR may be involved, may have influenced our data. However, using multiple cohorts, we have mitigated this risk. It is also useful to note that the subjects contributing to the current analyses are enriched for moderate-severe asthma due to the nature of recruitment from hospital settings, therefore, our subjects may not entirely be representative of the whole population of asthma subjects.
In conclusion, this work provides novel insight into the potential role of the asthma-associated gene, PLAUR in asthma. Specifically, we identified that uPAR is elevated in a range of airway structural and inflammatory cells in asthma and that serum levels of scuPAR are reproducibly elevated in asthma. Importantly, we report for the first time a 'serum uPAR high' subset of asthma that is predominantly severe and nonatopic. These data highlight uPAR and in particular, the soluble form of the receptor as a potentially important target for further investigation for novel future approaches to treat asthma, particularly in severe refractory asthma where new medicines are needed.
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